It is common to describe the endocrine and the exocrine pancreas as if they were two distinct and independent entities. However the pancreas is an integrated organ involved in the digestion and absorption of nutrients on the one hand, and in the regulation of blood glucose homeostasis, on the other. Most probably, the unique anatomical architecture of this organ, characterized by the dispersion of the endocrine component throughout the acinar parenchyma as hundreds of thousands variable-sized clusters of endocrine cells (islets of Langerhans), has evolved to facilitate interactions between the two glandular components [1] . In order to determine reciprocal influences, many aspects of the relations occurring between exocrine and endocrine pancreas have been investigated in the past three decades [2, 3] . Because of the observation that, in contrast to ªtele-insularº acini, ªperi-insularº acini are formed by larger cells, containing more zymogen granules [2, 4±6], numerous studies have addressed the role(s) played by the islet hormones in tuning acinar cell secretion and the anatomical pathways, the so called ªislet-acinar axisª, through which this influence is exerted [2, 3, 7] . A large body of evidence indicates that a continuous insulo-acinar venous portal system conveys hormone enriched blood from the islets to the acinar parenchyma [2, 3, 8, 9]. The amount of acinar tissue that is ac- Diabetologia (2001) 44: 575±584 Association between islets of Langerhans and pancreatic ductal system in adult rat. Where endocrine and exocrine meet together? 
tually involved in this portal system and its physiologic relevance are, however, still issues of debate [10, 11] .
In contrast, much less attention has been paid to the relations between the endocrine pancreas and the ductal system. In normal conditions, only ªextra-insularº endocrine tissue, represented by single cells or small buds of endocrine cells, is usually thought to be associated with the duct lining [12±16] . Islets of Langerhans, by contrast, have been reported to be connected with the ductal system only in the fetal pancreas as a short-lived result of endocrine histogenesis [17±19] . In adults, the eventual retention and the extent of such associations is controversial [20, 21] because no specific study has addressed this subject, apart from one investigator's pioneer work in guinea pigs [22] . A study of this issue appears particularly important considering that islets of Langerhans differentiate and develop from precursor cells hosted in the duct lining. These precursors or stem cells are believed to persist in the pancreas of adult individuals within the wall of the duct system [23±25] . Moreover, experimental studies have indicated that islet hormones are possible modulators of ductal secretion [26, 27] . Indeed, whereas insulin appears to increase secretin-induced pancreatic juice secretion [26±28], glucagon, pancreatic polypeptide as well as somatostatin seem to have an inhibitory affect on duct cell functions [26, 27] . Many other ªnon-classicalº islet hormones such as pancreastatin, neuropeptide tyrosine (NPY) and peptide tyrosine tyrosine (YY) could also be involved in duct cell secretion [27] , with peptide YY, in particular, inhibiting spontaneous and secretin-stimulated bicarbonate secretion [29] .
In recent studies, cytokeratin 20 (CK20) has been found to be expressed by all rat pancreatic duct cells (including centroacinar cells) regardless of the size of the ducts [30, 31] . Taking advantage of cytokeratin 20's reliability as a ductal marker, we studied the extent of the topographical associations occurring between islets and ducts in the adult rat pancreas. Using double immunocytochemical labellings, which reveal both CK20 and islet hormone immunoreactive cells, we were able to demonstrate that most islets of Langerhans of the adult rat pancreas are directly connected with the pancreatic ductal system. This finding adds a new and important piece of information to the mosaic of the multiple relations occurring among the different components of the pancreas.
Materials and methods
Antibodies. Rabbit polyclonal antibodies (PAb) to somatostatin and glucagon were purchased from Novocastra Lab. (Newcastle upon Tyne, UK). Guinea pig anti-bovine insulin PAb was from Miles Biochemical (Elkart, NJ, USA). Monoclonal antibody (MAb) anti-cytokeratin 20 (CK20) was obtained from DAKO (Glostrup, Denmark). Alkaline phosphatase (AP)-conjugated anti-rabbit IgG was from Roche Diagnostics (Monza, Italy) and AP-conjugated rat serum absorbed antimouse IgG from Sigma-Aldrich (Milan, Italy).
Animals and tissues. A total of 10 male adult Sprague-Dawley rats (3 to 9 months of age), fed with a standard diet, were used for this study. Principles of laboratory animal care were followed as well as the Italian law on animal experiments. After anaesthesia, four animals were killed by decapitation and the pancreatic tissue was sampled. The pancreas of each animal was divided into four pieces, fixed overnight in 1 % glutaraldehyde, dehydrated and embedded in methylmethacrylate. The pancreas of three other animals were fixed for 2 h in Bouin's fluid, dehydrated and embedded in paraffin.
Tissues from three additional rats were used for electron microscopy. Perfusion was carried out for 20 min with 1 % glutaraldehyde in 0.1 mol/l sodium cacodylate buffer (pH 7.35) through the thoracic aorta. The pancreas was sampled, trimmed, further fixed for 2 h with the same fixative at 4 C, postfixed with 1 % OsO 4 in cacodylate buffer for 2 h at 4 C, dehydrated and embedded in Epon 812.
Conventional histology, immunocytochemistry and transmission electron microscopy. Blocks of methylmethacrylate-embedded pancreatic tissue were cut leaving a step between each section for a total length of about 100 mm. Thirty random sections (3.5 mm thick) were routinely stained with 0.1 % toluidine blue.
A total of 5 series of 25 consecutive sections (4 mm thick) were cut from five different blocks of paraffin-embedded pancreas and used for immunocytochemistry. The first section of each series and the last one of the fifth series were considered as ªrandom sectionsº. Double immunocytochemical staining was carried out with the anti-CK20 MAb and with a cocktail of anti-somatostatin and anti-glucagon antisera. Sections were deparaffinazed, rehydrated, treated with 0.1 % trypsin to retrieve CK20 antigenicity as previously reported [31] , washed in PBS and incubated overnight at 4 C with the anti-CK20 MAb (dilution 1/100). After rinsing with PBS, sections were incubated with AP-conjugated anti-mouse IgG and the AP reaction was developed with NBT/BCIP stock solution as chromogen diluted in 0.1 mol/l TRIS buffer, pH 9.5, 0.05 mol/l MgCl 2 , 0.1 mol/l NaCl, 2 mmol/l levamisole. Slides were then rinsed with distilled water to stop the reaction, equilibrated with PBS, and incubated with 0.25 mol/l EDTA for 30 min to inactivate AP as previously reported [32] . After washing with PBS, slides were incubated overnight at 4 C with the cocktail of anti-somatostatin and anti-glucagon antibodies both at a dilution of 1/50. Sections were subsequently rinsed in PBS, incubated with AP-conjugated anti-rabbit IgG and the reaction was developed with Fast-Red tablets (Sigma-Aldrich, Milan, Italy).
For transmission electron microscopic analysis, consecutive ultrathin sections were routinely stained and observed with a Philips 201 or 410 electron microscope. For the immunocytochemical detection of insulin at the electron microscope level, we followed previously published techniques [7] . Briefly, ultrathin sections of 1 % glutaraldehyde-1 % OsO 4 fixed, epon-embedded adult rat pancreatic tissue were treated with a saturated aqueous solution of sodium metaperiodate followed, after rinsing with PBS, by a 2 h incubation with a guinea-pig anti-bovine insulin antibody (dilution 1/200). After rinsing with PBS, the sections were incubated with the protein A-gold complex formed by 10 nm gold particles.
Quantitative evaluation of duct-islet associations. Islets of Langerhans were identified on 0.1 % toluidine blue-stained sections by their general morphology (i. e. less basophilic staining properties compared with the surrounding tissue, general arrangement of secretory cells in cordon-like structures compared with the acinar grouping of the exocrine cells, absence of zymogen granules). By these criteria, islets showing a diameter as small as 35 mm could be detected. On immunocytochemically double-stained sections, islets were identified by the presence of at least two red-stained cells (alpha or delta cells), by the absence of zymogen granules and by the general cordon-like arrangement of secretory cells around the blood capillaries. On this basis, we could detect islets with a diameter as small as 30 mm.
On random sections, either conventionally stained or immunocitochemically double-stained, all detectable islets were counted and reported as the number of islet profiles per mm For the series of consecutive sections, we used the same formula but, in this case, care was taken to generate the total number of spotted islets counting each islet only once. To accomplish this, all the islets detectable on each section were numbered in order to identify them in the following slides. In this way, each islet was followed in its spatial development and checked for any association with duct cells that were categorised according to their positions on the duct tree: large ducts, middle-sized ducts, small ducts or centroacinar cell population.
Results
We first studied 25 routinely toluidine blue stained, randomly cut, pancreatic sections from methylmethacrylate-embedded tissues: an average of 23.08 8.05 islets of Langerhans were observed on each section (corresponding to an average of 1.009 islet profiles/mm 2 ), 33.28 % 8.28 % of them appeared to be associated with excretory ducts (Fig 1) . On the whole, 593 islets of Langerhans were detected and 203 of them were associated with the duct system. However, because the small ducts and the centroacinar cells are difficult to identify, we decided to label duct cells and peripheral islet endocrine cells with specific markers and to double-stain sections obtained from paraffin-embedded tissues. As CK20 was previously reported to be selectively expressed by duct and centroacinar cells [30, 31] , we doublestained 5 series of 25 consecutive sections with the anti-CK20 and with a cocktail of anti-somatostatin and anti-glucagon antibodies (Fig. 2) . The first section of each series and the last one of the fifth series were observed separately and considered to be ªran-dom sectionsº. By this technique, we identified an average of 60.2 4.82 islets of Langerhans on each random section (corresponding to an average of 1.091 islet profiles/mm 2 ) and 40.83 7.41 % of them were found to be associated with excretory ducts as identified by the CK20 staining. This type of approach, however, even though it increased the number of islets that could be shown to be in contact with the duct system, only allowed the identification of the associations present on a single plane of section. To approximate the detection of the real number of islets associated with the ductal system, we decided to study a series of consecutive sections. Using this technique, we were able to identify 184.2 33.74 islets of Langerhans for each series and to find 73.60 2.97 % of them in contact with the ductal tree. On the whole, 921 islets were identified with 680 of them associated with the duct system. This type of evaluation, however, does mask some regional differences since 55 % of the islets that apparently Fig. 2 . Sections of adult rat pancreas double-stained with a cocktail of anti-glucagon and anti-somatostatin antibodies (red) and with anti-CK20 antibody (brown). a) Low magnification of several islets of Langerhans (I), outlined by the redstained cells, which appear to be associated with small-sized ducts and centroacinar cells (arrows). 100. b) Two islets of Langerhans show several points of connection with the ductal tree (arrows) which is mainly associated with alpha and delta cells. 150. c, d, e) Three sections passing through the same islet of Langerhans (I) penetrated by a small duct (arrows). Within the islet the duct gives off few smaller ductules that seem to be blind-ended ( 100) did not make any contact with ductal cells were located at the periphery of the tissue sections, prompted to staining artefacts. In particular, CK20 antigenicity appeared more difficult to retrieve because of stronger fixation.
A more detailed analysis of the type of ducts that were more frequently in relation with the islets of Langerhans showed that the great majority of contacts involved centroacinar cells or small-sized ducts (Table 1) . For each series of sections, 93.48 5.43 % of the islets contacting the ductal system were in relation with the most proximal part of the ductal tree (centroacinar cells or small-sized ducts), regardless of the size of the islets. Morphological aspects of duct-islet associations. A visual confirmation of the high frequency of association between ducts and islets is given by the general view of a large portion of a double-stained section (Fig. 2a) . As mentioned above, most of the islets contacting the ductal tree were associated with centroacinar cells or small-sized ducts (Fig. 2a, b) . Duct cells appeared, in this case, to be attached to the periphery of the islets and thus contacted alpha and delta cells more frequently (Fig. 2b) . The number of contacts that each islet made with the ductal tree varied. Several points of contact were common regardless of the size of the islet (Figs. 2a, b) . Even though lateral attachments of the duct to the islets was the most frequent pattern of association, in a remarkable number of cases (6 %) small-sized ducts, along with blood vessels, were seen to enter the islets through thin connective septa (Fig. 2c, d, e) . Before leaving the islets, these ducts formed at least one loop and usually gave off smaller ducts that contacted directly the endocrine cells (in this case beta cells). They eventually ended as single CK20 immuno-reactive cells (Fig. 2c,  d, e) .
Transmission electron microscopic analysis of contacts between islet and duct cells confirmed that these cells were joined together by intercellular junctions, without any basement membrane or fibroblastic process interposed between them (Fig. 3a, b) . At these points of contact, ductal basement membrane appeared to be continuous with the one surrounding the islets (Fig. 3c) . Although beta and delta cells could face the duct lumina, alpha cells were always separated by at least a slender cytoplasmic expansion of duct or centroacinar cells. Intercellular junctions between endocrine and duct cells appeared more developed when participating in sealing the duct lumina (as the case of junctions between duct and insulin cells). Beta cells facing the lumen displayed a large set of coated pits, caveolae, cytoplasmic vesicles and tubulo-vesicular structures at or close to the luminal membrane reflecting an intense endocytotic activity (Fig. 4a) . Electron microscopic immunocytochemical detection of insulin in pancreatic tissue lead to the labelling by gold particles of all beta cells including those lining the duct system. The labelling was present in all the cellular compartments involved in insulin secretion as previously reported (33) . Of interest was the specific labelling found over the pancreatic duct lumen, in particular over the flocculent material present in the lumen, which corresponds to the pancreatic juice (Fig. 4b) . Although of low intensity, labelling was also present within the epithelial cells lining the duct tree and was restricted to the endosomal compartment of the epithelial cells (Fig. 4b) .
Occasionally, cells displaying a possible suggestive mixed duct-endocrine phenotype were observed at the sites of contact between ducts and islets (Fig 5) .
Discussion
In contrast to the currently accepted notion that islets of Langerhans detach from the duct tree and migrate within the exocrine tissue along with the development of the gland [19, 30, 34±40] , our study demonstrates that the great majority of the islets remain connected with the ductal tree in the adult rat pancreas. This finding is in contrast with a recent investigation on human pancreas where only 1.3 % of them were referred to as really connected with the duct system [38] even though half of the islets were found to be located in proximity to the ducts. Even though we cannot rule out differences between species, these conflicting results are probably because of the differences in the techniques employed. As a matter of fact, 93 % of the contacts that we observed between islets and the duct tree involved centroacinar cells and small-sized ducts which are difficult to identify without the use of immunocytochemical markers. Our study has shown that the technical approach is crucial in demonstrating the extent of islet-duct association. Indeed, in this study, routine histology revealed only 33 % of the islets in contact with duct cells. Even the application of immunocytochemical double-staining on random sections failed to increase that frequency greatly (41 %). Only the use of series of consecutive double-stained sections, which on the whole explore a large portion (but not the entire) of the islets, revealed that 73 % of the islets are associated with the duct system. Furthermore, even with this approach, we were not able to explore the entire islet surface that could contact the ducts. Thus, a higher percentage of associations cannot be excluded. Moreover, about half of the islets we failed to find in contact with the duct cells were located at the periphery of the sections, exposed to stronger fixation and harsher dehydration conditions that could impair the optimal retrieving of CK20 antigenicity interfering with the cytochemical stainings as previously reported [30, 31] .
Endocrine cells have been previously reported to lie in the epithelial lining of pancreatic ducts as single elements [12, 13] as well as to protrude as small buds into the surrounding tissue [14] . In the former case, cells were classified to be either an ªopenº or a ªclosed typeº depending on their ability to face the duct lumen. Beta and delta cells were found to be ªopen typesº whereas alpha and PP cells were ªclosed typesº. Remarkably, in our study, all the islet cells observed in contact with the duct lining had the same pattern because only beta and delta cells were found facing directly the duct lumen. The reason for this consistency is not known but most probably related to functional properties of each cell type or with their ability to form well-developed intercellular junctional complexes that can efficiently seal the lumen of the ducts or both.
The finding that the association between islets and ducts is the rule more than the exception, raises the question of the role(s) that such connections play in the overall physiology of the pancreas. The peculiarity of an endocrine gland (considering the islets as one endocrine gland) that maintains its relation with the epithelium from which it arises is unusual when compared with other glands [41] and suggests the existence of a physiological stress that accounts for this particular arrangement. At the moment, we can only speculate on this issue and further studies will have to outline the exact part played by duct-islet associations. However, based on the current literature, a short list of probable functional hypothesis, can be put forward. These include, firstly, the possibility that the islet cells that face the duct lumen (beta and delta open type cells) secrete their hormones into the pancreatic juice. This possibility, previously proposed [2, 12±14] , is supported by the presence of islet hormones in the pancreatic juice as reported in the present study or as detected by biochemical means [42±44]. Moreover, insulin receptors have been detected on intestinal epithelial cell membranes [45, 46] including their brush border [47, 48] , suggesting concrete targets for the ªexo-crineº insulin secreted with the pancreatic juice that could have trophic effects on the intestinal epithelium. In addition, other targets could also be duct cells as they displayed insulin immunoreactivity in their apical endosomal compartment.
Secondly, the intense endocytotic activity present in those endocrine cells that face the duct lumina seems to indicate a remarkable uptake of pancreatic juice that could bring peculiar stimuli to the endocrine cells. Because of the existence of gap junctions among islet cells [49, 50] , eventual transduction of signals coming from the duct lumen could spread to a larger population of islet cells. In this case, the Reg protein, an acinar cell product involved in islet cell regeneration [51±55] is a molecule that is secreted into the pancreatic juice but exerts its major action on islet cells by pathways that have not yet been clearly established. Duct open islet cells could therefore be a possibility. The loss of Reg protein or other trophic factors present in the pancreatic juice upon islet disconnection from the ducts could account for the disappointing results obtained by transplantation of purified islets in diabetic patients [23] . In contrast, transplantation of whole pancreas in which islets maintain their topographical relation with surrounding parenchyma appears more successful [23] .
Thirdly, islets of Langerhans arise from precursor stem cells present in the embryonic pancreatic ducts [19, 30, 56] . Fetal and neonatal islets of Langerhans grow mainly from the continuous addition of newly differentiated cells arising from precursors hosted within the ducts rather than from a proliferation of differentiated islet-cells [15, 30, 36, 56] . Thus, the persistence of these precursor cells in adult pancreas and their susceptibility to be reactivated are crucial issues for outlining new strategies in prevention and treatment of diabetes mellitus [23] . In this respect, the demonstration that islets ultimately do not detach from ducts, makes the sites of contact between ducts and islets of particular interest for the search of islet stem cells. Although extremely rare, the finding of cells displaying mixed duct-endocrine phenotypes in such a location suggests active endocrine histogenetic processes.
Last but not least, the contacts between islets and ducts could be the anatomical basis accounting for the influence that exocrine secretions are supposed to exert on the endocrine pancreas. The existence of such an influence is supported mainly by the notion that pancreatic insufficiency is followed by anatomopathologic alterations of the islets of Langerhans [57] and frequently by overt diabetes [3, 58, 59] . Thus, from an anatomical point of view, apart from the well-known ªislet-acinar axisº, an ªacinar-islet axisº (including the duct system) could also exist closing the circle of interactions among the components of the pancreas as previously suggested [3] . The finding that islets are mainly associated with the most proximal sections of the ductal tree (centroacinar or small-sized duct) indicates that they have a relation with ducts draining portions of acinar tissue located in proximity to the islets themselves, maybe in the same portions of exocrine parenchyma (the peri-insular tissue) that are more influenced by islet hormones. If this were confirmed, the pancreas should be considered as a gland formed by the assembly of thousands of small morpho-functional units, each centred on an islet of Langerhans.
